Many recombinant growth factors have failed in clinical trials due to off-target effects. We describe a method for circumventing off-target effects that involves equipping cells with a conditionally active signaling protein that can be specifically activated by an exogenously administered synthetic ligand. We believe that this approach will have many applications in gene and cell therapy.
Off-target effects constrain the clinical applicability of growth factors
The safety and efficacy of a drug are determined by two forms of specificity: specificity of the drug for its target (usually a protein), and specificity of the drug target in the pathogenesis of the disease being treated. Side effects arise when either type of specificity falls short of physiologically dictated thresholds, phenomena collectively referred to as 'off-target' effects. Although offtarget effects plague all drug development, their impact on the clinical use of hematopoietic growth factors provide a case-in-point, and a little explored rationale for genetic manipulation.
The major hematopoietic growth factors in clinical use today, erythropoietin (Epo), granulocyte colony stimulating factor and granulocyte-macrophage colony stimulating factor, were all approved by the FDA (US Food and Drug Administration) more than 15 years ago. Since then no growth factors with novel biological activity have gained widespread use, a situation almost entirely attributable to off-target effects. For example, none of the many potential clinical uses for recombinant stem cell factor were realized because its receptor (c-kit) is expressed not only in primitive hematopoietic progenitors, but also in mast cells, causing significant allergic reactions in 10-20% of patients. 1 Fibroblast growth factors (FGFs) further illustrate the problem. Twentythree different FGFs bind seven different receptor isoforms that are variably expressed in all tissues. 2 Most FGFs activate more than one type of FGF receptor, leading to one type of off-target effect. Furthermore, even when an FGF specific for a given receptor is used, the receptor is invariably expressed in multiple cell types producing a second type of off-target effect. Thus, clinical trials of FGFs have yielded disappointing results. [3] [4] [5] Over the past decade we have been developing a system that has the potential to circumvent off-target effects.
Pharmacologically regulated cell therapy
An important obstacle to cell therapy is the loss of control over cells that have been transplanted. We used previously described technology 6 to develop a way to regulate the proliferation of engineered cells using a growth factor receptor modified to substitute its normal ligand-binding site with the binding site for a drug called a chemical inducer of dimerization (CID) (Figure 1 ). The CID brings together two copies of the artificial receptor, triggering its activation and leading to cell proliferation, thereby mimicking the effect of a growth factor.
First generation CIDs capitalized on the interaction between a drug, FK506, and its naturally occurring intracellular target, FKBP12 and dimerization was induced by covalently linking two copies of FK506 to generate a new ligand called FK1012. 6 To dramatically reduce undesired interactions between FK1012 and endogenous FKBP12, second generation CIDs were developed using a 'bump and hole' approach. These new CIDs (such as AP1903 and AP20187) contain chemical modifications ('bumps') that preclude binding to endogenous FKBP12, but which can be accommodated by a modification of FKBP12 to introduce a pocket ('hole') via a single amino acid substitution (F36V).
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AP1903 was well tolerated in a phase I study in normal human volunteers. 9 This approach has a number of advantages, many of which are described in greater detail below. One advantage is its generalizability. A single drug can be used to regulate hundreds of different signaling molecules to elicit a variety of cellular responses. In previous studies we have used signaling domains taken from the Epo receptor (EpoR), granulocyte colony-stimulating factor receptor, gp130, flt-3, c-kit, Mpl, fibroblast growth factor receptor-1 and the four Janus kinase family members to induce CID-dependent proliferation.
10-14 A second advantage is its versatility, allowing for regulated proliferation both in vitro and in vivo. [15] [16] [17] [18] [19] [20] A third advantage is its anticipated lack of immunogenicity, because CID responsive proteins can be entirely human in origin, in contrast to virtually all other regulated systems that rely on the expression of foreign proteins, and are therefore susceptible to immune responses. 21, 22 A fourth advantage is its wide applicability, with examples of CID-regulated proliferation ranging from myoblasts, 23 hepatocytes 24 and pancreatic islet cells, 25 to primary hematopoietic cells, 26, 27 suggesting that CID-regulated approaches might provide an operating system for cell therapy. Hematopoietic applications enjoy a fifth advantage, pleiotropy, because different growth-factorsignaling domains can elicit different hematopoietic responses, allowing CIDs to regulate hematopoiesis in ways unachievable with conventional growth factors. 28 A sixth advantage of this approach is its specificity. In contrast to conventional growth factors that can bind off-target receptors, or receptors expressed by off-target cell types, CIDs can deliver specific signals to specific cell types. It is this feature that is most relevant for the work described below. We are applying CID regulation to a recently recognized problem related to off-target effects of Epo in patients with cancer related anemia.
Epo and cancer
Up to 40% of patients with cancer are anemic at the time of diagnosis, 29 and a large body of evidence indicates that anemia is a key predictor of survival, independent of disease severity. 30 The mechanism whereby anemia impairs outcome in patients with cancer is not well understood, but has been attributed in part to tumor hypoxia, which can select for tumor cells resistant to chemotherapy and radiation therapy. This rationale helped to lay the groundwork for using Epo for the treatment of anemia in patients with cancer.
Recombinant Epo first received FDA approval for the treatment of cancer-related anemia in 1993, and subsequently grew to become the most commercially successful drug in all of oncology. However, the results of five phase III clinical trials now indicate that Epo can reduce survival rates and promote tumor progression in cancers of the head and neck, 31 How Epo stimulates tumor progression is uncertain, but may reflect off-target effects. EpoR transcripts have been detected in multiple primary cancers including tumors of the breast, 35 head and neck 36, 37 and non-small cell lung. 38, 39 Some reports have documented Epo-induced proliferation, invasion, migration and protection from chemo-and radio-therapy in various cancer cell lines (for example reference G Acs et al.
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). Moreover, blocking endogenous Epo can inhibit breast cancer growth and tumor vascularization in a rat model, 41 and ovarian and uterine cancers in mice. 42, 43 Finally, EpoR expression and function in endothelial cells is well documented, 44 and Epo might stimulate tumor progression by promoting tumor angiogenesis.
CID-regulated red cell production
We have used CIDs, in combination with a derivative of the thrombopoietin receptor (F36VMpl), to direct the Epo-independent production of red blood cells in mice, 15, 18, 28 in dogs followed for longer than six years (reference T Neff et al. 16 and data not shown), in human CD34 + cells ex vivo 26 and following transplantation into immune deficient mice. 20 Representative results from one of our mouse studies are shown in Figure 2 . While our vector expresses F36VMpl in all hematopoietic lineages, the predominant effect of CID administration is to enhance red blood cell production. Gene
CID-induced erythrocytosis can downregulate endogenous Epo
One of the theoretical benefits of using CIDs in patients with cancer is the decline in endogenous Epo that is expected to accompany a CID-triggered increase in red cells. We have demonstrated that this prediction holds true in an anemic mouse model. Pyruvate kinasedeficient mice have a marked hemolytic anemia and dramatically reduced red cell survival. We established a chimeric mouse model in which 90% of marrow cells were of pyruvate kinase-deficient host origin, whereas the remaining 10% of cells originated from normal donor marrow cells that had been transduced with a vector encoding F36VMpl immediately prior to transplantation. CID administration specifically directed the expansion of the normal donor erythrocytes, promoting an increase in circulating red cells (Figure 3a) , and a decline in circulating Epo levels (Figure 3b ).
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CID-dependent red cell production is Epo-independent
To test the premise that CID-stimulated erythropoiesis is not dependent on the presence of Epo, F36VMpl-transduced human CD34 + cord blood cells were evaluated for their ability to generate red cells in response to CID treatment, in the presence or absence of the Epo antagonist, recombinant soluble human EpoR (shEpoR). Results are shown in Figure 4 .
Cells cultured in the absence of Epo did not proliferate ( Figure 4 , left panel) and retained expression of the myeloid marker CD33 (right panel). Epo (5 U ml À1 ) induced proliferation (66.2-fold in 12 days) and CD33 expression was lost as the cells differentiated into glycophorin A + erythroid cells. Addition of shEpoR at a concentration of 2.7 mgml À1 completely blocked Epodependent proliferation and, similar to cells cultured without Epo, CD33 expression persisted. Addition of CID (100 nM AP20187; without Epo) promoted cell expansion (89.8-fold in 12 days) and differentiation as glycophorin A + erythroid cells, findings that were unchanged in the presence of shEpoR. These data suggest that F36VMpl does not require Epo signaling to support the proliferation and differentiation of human erythroid progenitor cells.
Advantages of CID regulated red cell production in patients with cancer
Developing methods for converting red cell production from dependency on Epo to dependency on CIDs would provide at least three advantages in patients with cancer by (i) circumventing the need for exogenous Epo; (ii) reducing endogenous levels of Epo via feedback inhibition of renal Epo secretion 18 and (iii) opening the potential for combining with Epo antagonists to achieve total ablation of Epo signaling, analogous to androgen Gene transfer to circumvent off-target effects CP Miller and CA Blau blockade for prostate cancer or estrogen blockade for breast cancer, possibly providing a new way to treat a wide range of malignancies. Consistent with the strategy, studies in rodents indicate that Epo blockade may provide a new way of treating cancer. 35, [41] [42] [43] A schematic depiction of the goal for our proposed approach is shown in Figure 5 .
Alternative approaches
Whether there are any factors that can regulate red cell production independent of EpoR signaling is not known. Certainly, recognition of the association of Epo administration and cancer progression will spur the search for such factors; however, at present the only alternatives are red cell transfusions and the more distant prospect of artificial blood.
Blood transfusions
Major complications are associated with blood transfusions including alloimmunization, iron overload and the risk for transmitting infectious diseases. In the United States, approximately 4 million patients receive 10-12 million units of blood annually. 45 A recent model projected that the discontinuation of Epo for chemotherapy induced anemia would outstrip the available US blood supply. 46 Transfusion needs would escalate substantially if given with the goal of reducing circulating Epo levels.
Blood substitutes
A number of blood substitutes are under development. 45 Hemoglobin derivatives have been developed that contain modifications to reduce or eliminate serious complications associated with native cell-free hemoglobin administration, such as vasoconstriction and acute renal failure. A non-hemoglobin blood substitute is a synthetic perfluorocarbon. Despite recent advances, all of these alternatives are encumbered with extremely short half-lives and their chief use will likely be in emergency circumstances where immediate replacement of blood volume is required.
A platform for cell therapy
Preclinical studies have shown that CIDs can be used to regulate the proliferation of pancreatic islet cells for the treatment of diabetes, 25 muscle cells 23 for the treatment of heart failure and hepatocytes 24 for the treatment of liver disease. A derivative of this approach can be used to bring apoptotic proteins under pharmacological control, 22, 47 allowing for the CID induced killing of genetically modified cells. Thus, CID regulation of various signaling molecules can provide a general operating system for cell therapy (Figure 6 ). Figure 5 Epo blockade for the treatment of cancer. Cancer may be sustained not only by exogenous Epo, but also by endogenous levels of Epo that accompany anemia. F36VMpl gene transfer followed by AP1903 administration provides a mechanism for the Epo independent regulation of red cell production, avoiding exogenous Epo administration and reducing endogenous Epo levels. 18 This approach can also be combined with Epo/EpoR antagonists, allowing for the complete ablation of Epo signaling (not shown). Epo, erythropoietin.
Gene transfer to circumvent off-target effects CP Miller and CA Blau
Future directions
Given recent concerns surrounding the genotoxicity associated with integrating gene transfer vectors, 48 we are testing chromatin insulator elements such as chicken HS4 (cHS4). The cHS4 chromatin insulator can improve vector safety by reducing vector silencing and thereby the therapeutic dose, 49, 50 as well as directly by blocking the potential activation of cellular oncogenes surrounding the sites of vector integration (David Emery, personal communication). Modification of our vectors to incorporate cell-type-specific promoters would provide the opportunity for CIDs to elicit cell-type-specific responses. It is likely that our first trial will use a lentivirus vector, due to their reduced propensity for integrating in regions surrounding promoters. 51 We anticipate that success in bringing red cell production in cancer patients under CID control will open the door to other applications of pharmacologically regulated cell therapy.
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